Stress-induced fractal rearrangement of the endothelial cell cytoskeleton causes apoptosis.
Apoptosis, a mechanism of cell death prominent in critical illnesses including disseminated inflammation and multiorgan dysfunction syndrome, is characterized by morphologic changes including cell shrinkage, condensation of organelles, blebbing, and chromatin fragmentation. These phenomena suggest substantial changes in cytoskeletal structure. We hypothesized that stress-induced apoptosis in endothelial cells is, in part, a consequence of a critical cytoskeletal rearrangement. Porcine aortic endothelial cells in culture, surrogates for the microvasculature in vivo, were exposed sequentially to Escherichia coli endotoxin (25 micrograms/mL; 18 hours) to induce the inflammatory response and then to sodium arsenite (160 mumol/L; 120 minutes) to induce the heat-shock response, a well-characterized model of stress-induced apoptosis. Laser confocal micrographs of fluorescein isothio-cyanate-labeled phalloidin-stained cells were analyzed to calculate the border fractal dimension of the cytoskeleton. Other cells were exposed to cytochalasin D, a fungal metabolite, which interferes with polymerization of actin from its globular to its filamentous form, and similarly were analyzed with respect to fractal dimension, viability (neutral red assay), and manner of death (annexin V fluorescence-activated cell scanning analysis). Induction of the inflammatory or heat-shock responses caused subtle and distinct rearrangement of the actin cytoskeleton. When these stimuli were applied in sequence, a synergistic interaction led to profound cytoskeletal collapse. Reversal of the sequence did not induce the cytoskeletal disruption. Cytochalasin D alone induced a dose-dependent cytoskeletal collapse indistinguishable from that caused by the acute phase-heat shock sequence that caused cell death by apoptosis. The effect of lower doses of Cytochalasin D could be potentiated by subsequent induction of the heat-shock response. Sequential stresses that mimic pathophysiologic "two-hit" stimuli induce a characteristic fractal rearrangement of the actin cytoskeleton. Because cytochalasin D-induced rearrangement of this cytoskeleton produced apoptosis indistinguishable from the stress-induced apoptosis, we conclude that the cytoskeletal rearrangement is likely a critical event in the pathway to apoptosis. This disruption of intracellular interconnections mirrors endotoxin-induced disruption in signals among organs and supports the mechanistic hypothesis that multiorgan dysfunction syndrome generally reflects disruption of signals and connections at several levels of biologic organization.